We present time-resolved spectral analysis of the steep decay segments of 29 bright X-ray flares of gamma-ray bursts (GRBs) observed with the Swift/X-ray telescope, and model their lightcurves and spectral index evolution behaviors with the curvature effect model. Our results show that the observed rapid flux decay and strong spectral index evolution with time can be well fit with this model, and the derived characteristic timescales (t c ) are in the range of 33 ∼ 264 seconds. Using an empirical relation between the peak luminosity and the Lorentz factor derived from the prompt gammarays, we estimate the Lorentz factors of the flares (Γ X ). We obtain Γ X = 17 ∼ 87 with a median value of 52, which is smaller than the initial Lorentz factors of prompt gamma-ray fireballs. With the derived t c and Γ X , we constrain the radiating regions of 13 X-ray flares, yielding R X = (0.2 ∼ 1.1) × 10 16 cm, which are smaller than the radii of the afterglow fireballs at the peak times of the flares. A long evolution feature from prompt gamma-ray phase to the X-ray epoch is found by incorporating our results with a sample of GRBs whose initial Lorentz factors are available in literatures, i.e., Γ ∝ [t p /(1 + z)] −0.69±0.06 . These results may shed lights on the long term evolution of GRB central engines.
Introduction
Gamma-ray bursts (GRBs) are the most extreme explosive events in the universe. The duration of the prompt gamma-rays ranges from milliseconds to thousands of seconds (Kouveliotou et al. 1993) , and afterglows following the prompt gamma-ray phase were found in the X-ray, optical, and radio bands. It is generally believed that the prompt gamma-rays are from internal shocks of collisions among fireball shells and the afterglows are from external shocks when the fireball shells propagate into the circum medium (e.g., Mészáros & Rees 1993; Rees & Mészáros 1994; Mészáros & Rees 1997; Piran 2004; Zhang & Mészáros 2004) . With promptly slewing capacity, the X-ray telescope (XRT) onboard the Swift mission observed erratic flares during the prompt gamma-ray phase and even up to several days post the GRB trigger (e.g., Burrows et al. 2005; Zhang et al. 2006; Nousek et al. 2006; O'Brien et al. 2006; Falcone et al. 2006; Falcone et al. 2007; Chincarini et al. 2007; Chincarini et al. 2010) . These flares are found to be internal origin and they sinal the restart of the GRB central engine after the prompt gamma-rays (e.g., Burrows et al. 2005; Fan & Wei 2005; Zhang et al. 2006; Dai et al. 2006; Proga & Zhang 2006; Perna et al. 2006; Romano et al. 2006; Liang et al. 2006; Wu et al. 2006 ; Margutti et al. 2010; Maxham & Zhang 2009) 1 . Taking these flares into account, the duration of the GRB central engines are much longer than the duration of the prompt gamma-rays (Qin et al. 2013; Virgili et al. 2013; Levan et al. 2014; Zhang et al. 2014 ).
X-ray flares are one of the most powerful diagnostic tools for the GRB central engines, especially their long term evolution behaviors (e.g., Dai et al. 2006) . The radiation region and the bulk Lorentz factor of fireballs for early prompt gamma-rays and late X-ray flares are of great theoretical interest. Although it is still quite uncertain, the radiation region of the prompt gammarays is generally believed to be around 10 13 − 10 15 cm and the fireballs are ultra-relativistic with a Lorentz factor (Γ γ ) being greater than 100 (e.g., Mészáros & Rees 1993; Rees & Mészáros 1994; Piran 2004; Zhang & Mészáros 2004) . With the deceleration timescale observed in the afterglow lightcurves, the derived Γ γ values are usually in the range from 100 to 1000 (Sari & Piran 1999; Kobayashi & Zhang 2007; Molinari et al. 2007) , and they are tightly correlated with the isotropic gamma-ray energy (E iso ) and luminosity (L iso ) of the prompt gamma-rays (Γ γ − E γ,iso relation; Liang et al. 2010 Liang et al. , 2013 Lü et al. 2012) . Furthermore, Liang et al. (2015) discovered a tight L iso − E p,z − Γ γ relation, where E p,z is the peak energy of the νf ν spectrum of prompt gamma-rays in the burst frame. The value of Γ γ may be also estimated with the high energy cutoff in the prompt gamma-ray spectrum based on "compactness" argument (Fenimore et al. 1993; Woods & Loeb As mentioned above, the origin of the flares may be the same as that of prompt gamma-rays. One may estimate Γ X by assuming that the flares follow the same Γ γ − L iso relation. Further more, it is believed that the steep decay observed in the X-ray flares is due to the curvature effect (Fan & Wei 2005; Dyks et al. 2005; Liang et al. 2006; Zhang et al. 2006; Panaitescu et al. 2006; Wu et al. 2006; Zhang et al. 2007; Zhang et al. 2009; Qin 2008; c.f., Hascoët et al. 2015) . This paper dedicates to study Γ X and R X of X-ray flares based the Γ γ − L γ,iso relation and the curvature effect on the X-ray flare tails. We select a sample of 29 bright X-ray flares ( §2) and fit the lightcurve and the evolving spectral index during the steep decay phases of these X-ray flares based on our curvature effect model ( §3). We constrain R X and Γ X values based on our fitting results in §4. Conclusions and discussions are presented in §5. Notation Q n = Q/10 n in cgs units are adopted.
Sample and Data Analysis
We present an extensive temporal and spectral analysis for the X-ray flares observed with Swift/XRT during 10 observation years (from 2005 to 2014). The XRT lightcurve data are downloaded from the website http://www.swift.ac.uk/ (Evans et al. 2009 ) and fitted with a multi-component model composing of single power-law and broken power-law functions. This analysis focuses on the steep decay segments of the flares only. We obtain a sample of 29 X-ray flares which satisfy the following criteria. First, they are bright with F p /F u > 10, where F p and F u are the peak flux of the flares and the flux of the underlying afterglow component. Second, the decay segments of the flares clearly decline without superimposing other flares or significant fluctuations. The time-resolved spectral analysis for the steep decay segments of flares are made with an absorbed single power-law model, i.e., N(E) = N 0 * wabs * zwabs * E −(β+1) and N(E) = N 0 * wabs * wabs * E −(β+1) with known redshift and unknown redshift, where "wabs" and "zwabs" are the photoelectric absorbtion of both our Galaxy and GRB host galaxies, respectively. Since the gas-to-dust ratio of GRB host galaxies are very uncertain (Starling et al. 2007; Li et al. 2008; Schady et al. 2012) , we ignore the dust scattering effect in calculation of N H values and adopt the same absorbtion model as that of our Galaxy for the GRB host galaxies at redshift z. We derive the N H value of the host galaxy from the X-ray afterglow data for a given burst and make the time-resolved spectral analysis by keeping this value as a constant. The spectral analysis results are reported in Table 1 . The evolution of the spectral index with time is also shown in Figure 1 , where the peak time of the X-ray flare is set as the beginning time (t = 0) of the steep decay segment for our analysis.
Modeling the Steep Decay Segments in the Curvature Effect Scenario
As mentioned in §1, the steep decaying segment of the flares with a slope α = 2 + β would be due to the curvature effect, where β is the power-law index of the radiation spectrum (e.g., Fenimore et al. 1996; Kumar & Panaitescu 2000; Dermer 2004; Liang et al. 2006; Zhang et al. 2007) . The curvature effect is a combination of the time delay and the Doppler shifting of the intrinsic spectrum for high latitude emission with respect to that in the light of sight. The time delay of photons from radius R X and latitude angle θ with respect to those from R X and θ = 0 is given by
where z is the redshift of the studied source and c is the speed of light. For a relativistic moving jet with a Lorentz factor Γ X , the comoving emission frequency ν ′ is boosted to ν = Dν ′ in the observers frame, where D is the Doppler factor described as
where β jet c is the jet velocity, and t c is a characteristic timescale of the curvature effect, which is
In case of a single power-law radiation spectrum, the observed spectral index would do not evolve with time (e.g., Fenimore et al. 1996; Dermer et al. 2004; Liang et al. 2006) . The observed significant spectral softening as shown in Figure 1 would be due to the curvature effect on a curved radiation spectrum (e.g., Zhang et al. 2007; ). Following Zhang et al. (2009 , we fit the lightcurves and the spectral evolution features of the steep decay segments in our sample in the curvature effect scenario. We take the intrinsic radiation spectrum as a cut-off power-law parameterized as (Zhang et al. 2009) 2 ,
where F E,0 and E c,0 ≡ 2Γ X E ′ c are the observed on-axis flux and cut-off photon energy (corresponding to t = 0), respectively. The observed flux in the XRT band then can be given by
We simply calculate the observed spectral index in the XRT band at t with
We make jointed fits to the lightcurves and β evolution with Eqs. (6) and (7). The peak time of flares is set as the zero time t = 0 in these equations 3 . The goodness of our fits is evaluated with the total reduced χ 2 by weighting the data points between that in the lightcurves and in the spectral evolution. The total χ 2 value is given by χ 2 = χ 2 LC + χ 2 β , where subscripts "LC" and "β" indicate the lightcurves and the β evolution curves. We minimize χ 2 in our fits.
Only 13 GRBs in our sample have redshift measurement. Our fit curves are displayed in Figure 1 , and the model parameters, including F E0 ,β, E c, 0 , and t c , are reported in Table 2 . One can observed that our model can represent the observed flux decay and spectral index evolution in these flares. The t c values range from 33 to 264 seconds, as shown in Figure 3 .
The Lorentz Factor and Radiation Location of X-Ray Flares
As shown in Eq. (3), one may estimate R X or Γ X with the derived t c if one of them is available by another way. By deriving R X with a tentative jet break, Jin et al. (2010) got Γ X = 22, 13 for GRBs 050502B and 050724, respectively. Note that a tight Γ γ − E γ,iso or Γ γ − L γ,iso relations were found by Liang et al. (2010) and Lü et al. (2012) 4 . Assuming that the flares follow the Γ γ − L γ,iso relation, one can use this relation to estimate Γ X , then derive R X with Eq. (3). Lü et al. (2012) derived the Γ γ − L γ,iso relation by using the average luminosity of the prompt gamma-rays. Since burst durations depend on the energy band selected (e. g., Qin et al. 2013) , it is difficult to accurately measure the duration of flares. Therefore, we use the peak luminosity of the flares for our analysis. In addition, Lü et al. (2012) adopted the ordinary least-square regression method to obtain the regression line. For regression analysis, the fitting results depend on the specification of dependent and independent variables (Isobe et al. 1990) . One may find discrepancy of the relations among variables by specifying different dependent variables for a given data set, especially when the data have large error bars or scatters. To avoid specifying independent and dependent variables in the best linear fits, we adopt the algorithm of the bisector of two ordinary least-squares to re-do the regression analysis. The derived Γ γ − L γ,p relation is
It is roughly consistent with that reported in Lü et al. (2012) . We check if X-ray flares follow this relation with a flare observed in GRB 050724. With its L X,p = 9.2 × 10 47 erg/s, we get Γ = 7.9, which is comparable to that reported by Jin et al. (2010) , i.e., Γ X = 13. We thus use this correlation to estimate the Γ X with the peak luminosity of the flares for the 13 GRBs whose redshifts are available. Our results are reported in Table 3 . One can find that Γ X = 17 ∼ 87, with a median value of Γ X = 52. The derived Γ X values are generally consistent with that reported in previous papers (e.g., Fan & Wei 2005; Falcone et al. 2006; Panaitescu 2006) .
It is generally believed that X-ray flares are powered by the late activities of the GRB central engine. The derived Γ X values in this analysis are systematically smaller than the Γ 0 values of the prompt gamma-rays as that reported in Liang et al. (2010 Liang et al. ( , 2013 and Tang et al. (2014) . In addition, with the thermal emission observed in the joint BAT and XRT spectra of 13 early flares, which are usually observed at the end of the prompt gamma-ray phase, Peng et al. (2014) derived the Γ X values for these flares by assuming that the thermal emission is the photosphere emission of the GRB fireballs. They found that the Lorentz factors range between 50 and 150. They are also systematically larger than the Γ X values of late flares in our analysis. To explore possible evolution feature of the Lorentz factor, we plot Γ as a function of t p in the burst frame for prompt gamma-rays and X-ray flares in Figure 4 with samples from Liang et al. (2013) , Peng et al. (2014) , Troja et al. (2014) , Tang et al. (2014) , and Fan & Wei (2005) , where the t p of prompt gamma-rays is taken as the middle of burst duration. One can observe a trend that Γ values (both Γ 0 and Γ X ) decay with time. The Spearman correlation analysis yields a correlation coefficient r = 0.70 and a chance probability p < 10 −4 . This may illustrate a long term evolution feature of the GRB central engines (e.g., Lazzati et al. 2008) . We derive the relation of Γ to t p /(1 + z) with the algorithm of the bisector of two ordinary least-squares, which yields Γ = 10
With the derived Γ X , we calculate R X values for the 13 GRBs with Eq. (8). The results are also reported in Table 3 . It is found that R X = 2.0 × 10 15 ∼ 1.1 × 10 16 cm, with a median value of R X = 6.5 × 10 15 cm. The radiation regions of the flares are within the regions of the prompt gamma-rays and afterglows. It was generally accepted that the locations of the prompt gammarays and afterglows are ∼ 10 13 cm and 10 17 cm (e.g., Zhang & Mészáros 2004) , respectively. Troja et al. (2014) analyzed the flares with peaking time at 100 ∼ 300 seconds post the GRB trigger. They found R X ∼ 10 13 − 10 14 cm with Γ X > 50 in the framework of internal shock models, if the variability timescale is significantly shorter than the observed flare duration. Their R X values are consistent with that producing early prompt gamma-rays. However, as shown in Peng et al. (2014) , the photosphere radii of the flares at the end of the prompt gamma-ray emission phase in their sample are usually 10 13 cm. The internal shock regions of these flares should be beyond the photosphere radius, i.e., R X 10 13 cm. The R X values for the late flares in this analysis are in the range of 2.0 × 10 15 ∼ 1.1 × 10 16 cm, which is much larger than that of the prompt gamma-rays. We estimate the fireball radii of the afterglows at the flare epochs with (Chevalier & Li 2000) , where E k is the kinetic energy of the fireballs and A * is the wind parameter. We calculate E k values with E k = (1 − η γ )E γ,iso /η γ , where η γ is the radiative efficiency of prompt emission and it is taken as 0.2 (Frail et al. 2001; Molinari et al. 2007; Liang et al. 2010) . The wind parameter is set as A * = 1. Figure 5 shows the comparison of R X with R AG . We find that they are satisfied with R AG /50 < R X < R AG , indicating that the emission regions of the flares are in a broad range, but they are smaller than the radii of the fireballs for the afterglows. The narrow distribution of R X of the flares in this analysis would be due to the sample selection effect since we select only late flares in order to eliminate the contamination of adjacent flares.
Conclusions and Discussion
We have fit the lightcurves and the spectral evolution during the steep decay segment in 29 late X-ray flares with the curvature effect model. We show that this model may well represent both the spectral and temporal behaviors in the steep decay segments. The derived characteristic timescale t c are in the range of 33 ∼ 264 seconds, spreading about one order of magnitude. Using the relation between the peak luminosity and the Lorentz factor derived from the prompt gammarays, we estimate the Lorentz factors of the flares and find Γ X = 17 ∼ 87 with a median value of 52. With the flares in our sample, together with samples collected from literature for prompt gamma-ray emission and early X-ray flares, we find a tentative correlation between the Lorentz factor and the peak time of the flares (or the middle time of the prompt gamma-ray duration), i.e., Γ ∝ [t p /(1 + z)] −0.69±0.06 . With the derived t c and Γ X , we constrain the radiating region as R X = 2.0 × 10 15 ∼ 1.1 × 10 16 cm, with a median value of 6.5 × 10 15 cm. The radiation regions of the flares are within the regions of the prompt gamma-rays and afterglows, and the narrow distribution of R X of the flares in this analysis would be due to the sample selection effect since we select only late flares in order to eliminate the contamination of adjacent flares. . Margutti et al. (2011) found the average peak luminosity of the early flares (30 < t p < 1000 seconds) decays as L ∝ t −2.7±0.1 . They argued that this feature could be triggered by a rapid outward expansion of an accretion shock in the material feeding a convective disc in hyper-accreting black hole scenario. Note that the discrepancy of the derived power-law indices would be due to the sample selection.
Note that the luminosity L X,p values of the flares in our work are calculated in the XRT band. They may be underestimated, especially for the early X-ray flares. It is well known that the GRB spectra are usually well fit with the Band function in a broad energy band (e.g., Zhang et al. 2011) . As shown in Peng et al. (2014) , some early X-ray flares are the soft extension of the gamma-ray pulses and the E p values of their spectra are higher than the XRT band. Their X-ray luminosity values observed in the XRT band are only a small fraction of their bolometric luminosity. Looking at Table 1, one can observe β < 1 for some flares, indicating that their energy fluxes would go up to a higher energy band. For those flares with β > 1, the luminosity observed in the XRT band could be a good representative of the bolometric luminosity, and the Γ X values derived from Eq. (8) with L X,p measured in the XRT band is only lower limits of Γ X . Then, the true Γ − t p relation would become shallower than that derived in this analysis. In addition, with spectral information of prompt gamma-rays collected from , Ghirlanda et al. (2008) ,and Heussa et al. (2013), we also derive the luminosity at 10 keV (L 10 keV ) for the GRBs reported in LV (2012) and checked whether it is still tightly correlated with Γ 0 . We found that it is not. This is reasonable since L 10 keV is only a very small fraction of the radiation luminosity. Although Γ 0 is tightly correlated with the bolometric luminosity, it is not necessary to be correlated with any selected mono-frequency luminosity. Therefore, in case of that the luminosity in the XRT band is not a good representative of the bolometric luminosity, the derived Γ X with Eq. (8) may be quite uncertain.
The R X values derived in this analysis are between the prompt gamma-ray and afterglow radiating regions. Since Γ X may be underestimated as we mentioned above, the inferred R X with Eq. (3) thus ma ybe also underestimated, which is somewhat compensated by the assumption that the flare decay timescale t c is set by the curvature effect. It could be that t c is dominated by something else, and the t c reported here may overestimate the true curvature timescale. Recently, Uhm & Zhang (2015) found that the decay slope is steeper than the standard value from the curvature effect model if the jet is undergoing bulk acceleration when the emission ceases. They showed that the decay properties of flares demand that the emission region is undergoing significant bulk acceleration (seel also Jia et al. 2016) . Therefore, the dynamical timescale and the magnetic field decay timescale would dominate the flare decay timescale and the t c value may be smaller, hence the real R X would be smaller than that reported in this analysis.
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